ABSTRACT Although mutation, genetic drift, and natural selection are well established as determinants of genome evolution, the importance (frequency and magnitude) of parameter fluctuations in molecular evolution is less understood. DNA sequence comparisons among closely related species allow specific substitutions to be assigned to lineages on a phylogenetic tree. In this study, we compare patterns of codon usage and protein evolution in 22 genes (.11,000 codons) among Drosophila melanogaster and five relatives within the D. melanogaster subgroup. We assign changes to eight lineages using a maximum-likelihood approach to infer ancestral states. Uncertainty in ancestral reconstructions is taken into account, at least to some extent, by weighting reconstructions by their posterior probabilities. Four of the eight lineages show potentially genomewide departures from equilibrium synonymous codon usage; three are decreasing and one is increasing in major codon usage. Several of these departures are consistent with lineage-specific changes in selection intensity (selection coefficients scaled to effective population size) at silent sites. Intron base composition and rates and patterns of protein evolution are also heterogeneous among these lineages. The magnitude of forces governing silent, intron, and protein evolution appears to have varied frequently, and in a lineage-specific manner, within the D. melanogaster subgroup. U NDERSTANDING the forces governing the origins and evolutionary fates of DNA mutations is central to the study of molecular evolution. A great deal of attention has been focused on determining the relative contributions of genetic drift and natural selection to patterns of divergence among genomes (reviewed in Ohta 2002). However, the magnitude, timescale, and genomic breadth of fluctuations in molecular evolutionary forces remain to be studied systematically. Such knowledge is critical for modeling the causes of molecular evolution and is necessary for designing tests of adaptive and deleterious evolution and methods for phylogenetic inference and ancestral state reconstruction.
U
NDERSTANDING the forces governing the origins and evolutionary fates of DNA mutations is central to the study of molecular evolution. A great deal of attention has been focused on determining the relative contributions of genetic drift and natural selection to patterns of divergence among genomes (reviewed in Ohta 2002) . However, the magnitude, timescale, and genomic breadth of fluctuations in molecular evolutionary forces remain to be studied systematically. Such knowledge is critical for modeling the causes of molecular evolution and is necessary for designing tests of adaptive and deleterious evolution and methods for phylogenetic inference and ancestral state reconstruction.
Determinants of molecular evolution include mutation rates and patterns, effective population sizes, rates of recombination and biased gene conversion, and the fitness effects of mutations. Strict constancy of all these factors is implausible. However, the timescale of parameter fluctuations determines their relevance to molecular evolution; variability in evolutionary forces cause heterogeneous substitution patterns if parameters changes occur on a similar timescale as molecular evolution (Gillespie 1993 (Gillespie , 1994 Cutler 2000a,b) . Although theoretical concerns suggest that appropriately scaled parameter fluctuations should not be common, numerous studies have invoked nonstationarity to explain variable rates of protein evolution at particular loci or in specific lineages. These include fluctuations in neutral mutation rates (Fitch and Markowitz 1970; Fitch 1971; Takahata 1987) , effective population sizes (e.g., Ohta 1987 Ohta , 1993 Moran 1996; Johnson and Seger 2001; Woolfit and Bromham 2003) , and distributions of fitness effects (e.g., Gillespie 1991; Eanes et al. 1993; Messier and Stewart 1997; Zhang et al. 2002a) .
Synonymous codon usage appears to be particularly amenable to microevolutionary analysis of parameter fluctuations. A relatively simple model of ''major codon preference'' (MCP) that incorporates mutation pressure, genetic drift, and weak selection favoring translationally preferred codons (Li 1987; Bulmer 1991 ) is supported by both biochemical and population genetic evidence (Ikemura 1985 ; reviewed in Andersson and Kurland 1990; Sharp et al. 1995; Akashi 2001; Duret 2002) . A similar scenario (with variation in parameter values) appears to apply across synonymous families and protein-coding genes within a given genome. MCP predicts fitness classes of silent DNA mutations (translationally preferred and unpreferred changes) (Akashi 1995) and comparisons of evolutionary patterns between the classes can identify weak selection as well as departures from equilibrium and their causes (Akashi 1996) . Finally, relatively high levels of variation at silent sites both within and between populations allow inference of patterns and causes of codon bias evolution among closely related species. Evolution under a balance among weak forces is expected to show great sensitivity to parameter fluctuations. Variation in mutation patterns (e.g., Osawa et al. 1988; Sueoka 1988; Shields 1990; Rodríguez-Trelles et al. 2000; Takano-Shimizu 2001) , biased gene conversion Webster et al. 2003) , selection intensity (N e s) (e.g., Shields et al. 1988; Akashi 1996; Llopart and Aguadé 1999; Zhang et al. 2002b; Bachtrog 2003; Peréz et al. 2003) , recombination (e.g., Takano-Shimizu 1999; Munté et al. 2001) , and codon preferences (Powell et al. 2003) have been argued as causes of among-lineage variation in codon usage and synonymous substitution patterns.
Here, we examine molecular evolution among lineages within the Drosophila melanogaster subgroup to identify departures from steady-state silent and protein evolution and to determine their causes. Sequences for 22 genes from six species (D. melanogaster, simulans, teissieri, yakuba, erecta, and orena) were used to reconstruct nucleotides at ancestral nodes within the phylogeny and infer changes on six terminal and two internal lineages. Departures from equilibrium codon bias appear to have been common in the D. melanogaster subgroup; three lineages show declines of codon bias and one lineage shows an increase in major codon usage. These patterns appear to be consistent among genes. Intron base composition has also changed within the subgroup and both rates of protein evolution and the nature of nucleotide changes underlying amino acid changes vary among these lineages.
MATERIALS AND METHODS

Drosophila strains:
We examined a combination of available DNA sequences and sequences obtained for this study. The strains sequenced for this study were D. simulans (251.6), D. teissieri (257.0), D. yakuba (261.0), and D. orena (245.0) from the National Drosophila Species Resource Center (Department of Biological Sciences, Bowling Green State University, Bowling Green, OH) and the Tucson Stock Center (University of Arizona, Tucson, AZ). D. erecta (S-18) was kindly provided by M. Ashburner (Department of Genetics, University of Cambridge, U K).
DNA sequences: Table 1 gives gene names, chromosomal regions, and map positions for the 22 genes examined. Sources for available sequences are given in supplemental Table 1 at http:/ /www.genetics.org/supplemental/. Sequences obtained for this study can be found under accession nos. DQ167723-DQ167805. Gene symbols, full names, chromosomal locations, and map positions (in D. melanogaster) are from FlyBase (Drysdale et al. 2005) . No. codons is the number of aligned codons. MCU, major codon usage, is the average value across the six species in the D. melanogaster subgroup for the aligned codons. The number of introns studied from these genes and the numbers of aligned nucleotides summed across the introns for a given gene are shown.
A number of criteria were employed to select genes for this study. For several of these genes, previous studies had sequenced orthologs from multiple species within the D. melanogaster subgroup. Because region-specific molecular evolution may be associated with reduced crossing over in Drosophila (Takano-Shimizu 1999; Begun 2002) , only genes located in regions of relatively high recombination in D. melanogaster (according to Hey and Kliman 2002) and that are not located close to centromeres or telomeres in other melanogaster subgroup species (based on Ashburner et al. 2005) were included in this study. In our sequencing efforts, we attempted to sequence $400 codons from each gene (to allow detection of gene-specific evolutionary patterns); small genes were not included in data collected for this study and genes with available data were included if $200 codons could be aligned among the six species under study. Data were collected for genes with at least one intron and $100 bp of intron sequence (in D. melanogaster) to allow comparisons of base composition changes in coding and noncoding regions. Uncertainty in alignments is often associated with ''simple'' and repetitive regions (they are prone to insertion/deletion evolution) and genes were not selected if SEG and NSEG (Wootton and Federhen 1996) detected large proportions of simple amino acid or nucleotide sequences. Genes were chosen to cover a range of codon bias; the sample includes a large fraction of genes with intermediate levels of codon bias, but very highly biased genes were not chosen because ancestral state reconstruction is less robust. Finally, to avoid complications of distinguishing paralogs and orthologs, candidate genes were rejected if BLAST (Altschul et al. 1990 ) searches of the D. melanogaster genome revealed more than a single close match. Paralogs of the Amylase locus have undergone extensive gene conversion within the D. melanogaster subgroup (Shibata and Yamazaki 1995) and available data for one of the two paralogs, Amy-p, were included in the analysis.
DNA sequences were obtained through a combination of genomic and ''vectorette'' PCR and automated sequencing using Beckman (Fullerton, CA) CEQ 8800 and Applied Biosystems (Foster City, CA) 3730 sequencers. The protocols are described in Ko et al. (2003) . DNA sequences were aligned using ClustalW (Thompson et al. 1994) and modified by eye. Codons containing sites that aligned with a gap in any of the sequences were excluded from the analysis. A ''conservative'' approach was taken in the alignments; regions with questionable alignments were excluded from the analysis since we sought to study nucleotide changes rather than insertion/ deletion events. Alignment files employed in this study are available from H. Akashi.
Phylogenetic analysis: Phylogenetic relationships among the six species under investigation were studied using outgroup sequences from D. ananassae and D. pseudoobscura. Sources of each sequence are listed in supplemental Table 1 at http:/ /www.genetics.org/supplemental/. Details of the phylogenetic analysis are given in supplemental Table 2 at http:/ / www.genetics.org/supplemental/.
Reconstructing ancestral states: Ancestral nucleotides were inferred at internal nodes in the assumed species phylogeny (Figure 1 ) using maximum-parsimony (MP) and maximumlikelihood (ML) methods. BASEML version 2.0k (Yang 1997) was employed for ancestral state reconstructions at four internal nodes in a specified unrooted tree given sequence data from six species. Given the tree and the sequences, BASEML calculates maximum-likelihood estimates (MLEs) for branch lengths and substitution model parameters and employs the estimates to determine posterior probabilities of states at interior nodes (Yang et al. 1995) . The output includes joint reconstructions (sets of ancestral nucleotides at internal nodes) and their probabilities. A Jukes-Cantor ( Jukes and Cantor 1969 ) one-parameter model with small and equal branch lengths was used to generate MP reconstructions. For nucleotide sites where BASEML gave multiple joint reconstructions, only the most probable set of ancestral nucleotides (the ''most parsimonious'') was employed in the analysis. In cases of ''ties'' between most probable reconstructions for a given nucleotide position (''equally parsimonious'' reconstructions), the site was excluded from the analysis. This model-based approach gave very similar results to an iterative parsimony inference approach (data not shown).
The HKY85 (Hasegawa et al. 1985) model was employed for maximum-likelihood analysis. The model includes base composition parameters as well as a transition:transversion rate ratio parameter. BASEML allows separate estimation of parameters at the three codon positions based on the nucleotide composition of the extant sequences and patterns of substitution. The instantaneous rate matrix is assumed to be constant throughout the tree. Joint probabilities of ancestral nucleotides at each codon position were multiplied to yield joint probabilities of ancestral codons (assuming independence among positions). For a given lineage, pairs of ancestral and derived codons that differ at a single position are referred to as ''reconstructed changes.'' The probability of each reconstructed change was treated as its count; this approach attempts to account for uncertainty in ancestral state inference by weighting ancestral reconstructions by their probabilities. Reconstructed changes that include a stop codon were removed from the analysis. This method is similar to one employed in Galtier and Boursot (2000) except that model parameters are estimated separately for the three codon positions and rates are assumed to be homogeneous at each position. Figure 1 .-Phylogenetic relationships within the melanogaster subgroup. Unrooted synonymous distance tree of species in the melanogaster group. Silent distances, d s , were calculated individually for Adh, Adhr, Gld, and ry genes using CODEML (F334 model; Yang 1997) . Branch lengths are the averages of silent distances across these four genes (31000). The D. melanogaster subgroup is boxed. All nodes within the subgroup were supported with 100% bootstrap scores for neighborjoining, parsimony, and ML methods (Ko et al. 2003) . Abbreviations for species (that are not given in Table 2 In cases where ancestral and derived codons differed at two positions, relative probabilities were calculated for the two minimum step paths between the codons. For a given gene, total counts of silent and replacement changes across lineages were obtained for codons that differed at a single position. The ratio of these counts was used to weight the pathways between codons that differed at two positions (as described in Nei and Gojobori 1986) . Analyses were also conducted assuming equal probabilities of silent and replacement changes. Codons where ancestral and derived states differed at all three nucleotide positions were excluded from the data for a given lineage (such cases were very rare, see below). Because the lineages examined are short (4-8% silent divergence), probabilities of multiple hits at a given nucleotide site within a lineage were assumed to be negligible.
Classification of DNA changes: Reconstructed codon changes were classified into functional and/or putative fitness classes depending on their ancestral and derived states. ''Synonymous families'' were defined as sets of codons that encode the same amino acid and that are connected by single-nucleotide changes. Under this definition, sixfold redundant serine codons are treated as separate twofold and fourfold families. Among silent changes, mutations from minor to major codons (according to D. melanogaster codon preferences in Akashi 1995) were classified as preferred (up) and changes in the opposite direction were classified as unpreferred (pu). Abbreviations employed in this study are given in Table 2 . We employ the difference in the proportions of up and pu changes as a measure of departures from equilibrium, d up,pu ¼ (up ÿ pu)/(up 1 pu). This measure has a range of ÿ1.0 and 1.0 and its magnitude can be compared directly for increases and declines in codon bias (e.g., d up,pu ¼ 0.33 and ÿ0.33 indicate twofold excess of up and up changes, respectively). Mutations within classes were classified as either preferred to preferred (pp) or unpreferred to unpreferred (uu). Within-class changes were included in the total counts for silent changes but were not included in tests of equilibrium because their fitness effects are not predicted.
Replacement changes were also classified by their effect on GC content. Using the ambiguity code for nucleotides, we denote A or T as ''weak'' (W) and G or C as ''strong'' (S). A or T / G or C changes are abbreviated WS and changes in the reverse direction are denoted SW. We use d WS,SW ¼ (WS ÿ SW)/(WS 1 SW) as a measure of departures from equilibrium GC content.
Polymorphism analysis: DNA changes were partitioned into polymorphic and fixed differences using data for multiple alleles in the D. melanogaster, simulans, and yakuba lineages for subsets of the 22 genes. Details of the method are given in the supplemental materials at http:/ /www.genetics.org/ supplemental/.
Partitioning codons into high and low major codon usage regions: To divide the data into regions differing in levels of codon bias, within-gene major codon usage was analyzed in sliding windows of 100 codons. The windows were shifted sequentially through the coding sequence and if a given window showed major codon usage (MCU) $ 0.7, all codons included in the window were assigned to the high MCU class. Codons that were never included within MCU $ 0.7 windows were pooled into a low MCU class (codons that belonged to both high and low MCU windows were assigned to the high MCU category). Each gene was partitioned into high and low MCU regions, MCU H and MCU L , respectively, and ancestral state reconstructions were conducted separately for the partitions. High or low MCU regions for a given gene were excluded if they consisted of ,30 codons (this led to exclusion of 9 and 8 low MCU codons in Gpdh and per, respectively). Synonymous family-specific comparisons between MCU H and MCU L would control for heterogeneity in fitness effects among silent changes, but the numbers of inferred changes were not sufficient to allow such analysis.
Intron analysis: Sequences from 42 introns from the 19 genes included in the restricted data set for coding region analysis were examined. Additional sequences from 18 introns were available from genes that were not included in the coding region analysis either because they appeared to be outliers with respect to codon bias evolution (AP-50, Osbp, and pav) or because the available coding regions were small [fruitless ( fru), Cecropin C (CecC), janusA ( janA), janusB ( janB), ocnus (ocn), roughex (rux), and Superoxide dismutase (Sod)]. The introns examined and their sources are given in supplemental Table  3 at http:/ /www.genetics.org/supplemental/. Introns were aligned using a combination of available software [ClustalW (Thompson et al. 1994) and MCALIGN (Keightley and Johnson 2004) ] and extensive manual adjustment. Many of the alignments included a high proportion of gaps; data are presented for regions of the 60 introns where alignments appeared satisfactory.
Statistical analysis: G-tests (adjusted by Williams' correction for continuity) were conducted as described in Sokal and Rohlf (1995) . Wilcoxon signed-rank (WSR) tests (Snedecor and Cochran 1989) were employed to test null hypotheses of distributions of d up,pu centered on zero across genes. Tests were performed on the differences between the counts of up and pu changes. Probabilities for WSR tests were calculated by simulating the distribution of the test statistic. For each of 10 6 iterations, the test statistic was recalculated after random assignment of positive and negative signs to the data. The twotailed probability was the number of simulated test statistics with equal or greater values than the test statistic for the data. All computer programs (written in C) employed in these analyses are available from H. Akashi.
RESULTS
Phylogenetic relationships within the D. melanogaster subgroup: Inferred phylogenetic relationships among (Lachaise et al. 1988; Powell 1997) . Silent distances among the D. melanogaster subgroup species and outgroups are shown in Figure 1 . Both outgroups employed in the phylogenetic analysis, D. ananassae and D. pseudoobscura, are quite distantly related to the species in the D. melanogaster subgroup. However, support for this topology is consistent across methods and is consistent with analyses using closer outgroup sequences for smaller sets of genes (Kopp and True 2002; Ko et al. 2003) as well as protein trees (Parsch 2003) . Genespecific results are given in supplemental Table 2 at http://www.genetics.org/supplemental/. Larger genes tend to support the topology shown in Figure 1 , and alternative topologies tended to be weakly supported by smaller genes. However, data from boss favor a mel-simere-ore clade with 100% bootstrap support under three different phylogenetic reconstruction methods. The cause of this discrepancy is unclear. Summary of inferred changes within the D. melanogaster subgroup: A total of 11,682 codons were aligned among the six species across the 22 genes and summary data for the inferred numbers of silent and replacement changes under different methods are shown in Table 3 . Under our ML inference approach, each pair of ancestral and derived codons that differ at one or more positions is assigned a probability. The sum of such probabilities (across genes and lineages) was 4615.7. Of this total, 98.5% of the probability was assigned to codons that differed at a single position between the ancestral and derived states, 1.4% of the probability was assigned to codons that differed at two positions, and 0.06% of the total probability was assigned to codon reconstructions where the ancestral and derived states differed at all three codon positions (the latter class were not included in the analysis). For codons differing at two positions between ancestral and derived states, equal weighting and silent/ replacement weighting gave similar counts for silent and protein changes (most pathways between such codons consisted of equal numbers of silent and replacement changes). However, a significant proportion of replacement changes occurred in codon reconstructions that differed at two sites. Elimination of such reconstructions resulted in a 1.6% reduction in the counts of silent changes and a 10.3% reduction in the counts of inferred replacement changes (Table 3) . Reductions in replacement counts were .15% for Adhr, Osbp, and Zw.
Results from MP and ML inference differ considerably for these data (Table 3 ). The inferred numbers of silent and protein changes were 17 and 14% lower for parsimony than for ML, respectively. This difference partly reflects the exclusion, under MP, of codons with equally parsimonious reconstructions. MP underestimation of changes to more common states (i.e., major codons) (Collins et al. 1994) appeared to also have a large effect; compared to ML inference, MP counts were reduced by 6% for pu changes and by .30% for up changes. These results suggest that inference methods must be considered carefully even in analysis of close lineages and that reconstructing pathways for codons that differ at multiple sites may be important for studies of protein evolution among these species. Because simulation results indicated greater inference biases for MP than for ML under the HKY85 model for the levels of codon bias and divergence in these data (our unpublished data), the following analysis employs codon changes inferred under the ML method. Silent: replacement ratios were used to reconstruct changes for codons that differed at multiple positions (all results given below were similar in analyses excluding such codons).
Gene-specific patterns of silent evolution in the D. melanogaster subgroup: Table 4 shows gene-specific numbers of inferred silent and replacement changes The total numbers of inferred silent (as well as preferred and unpreferred) and replacement changes are shown. Counts are summed across eight lineages in the D. melanogaster subgroup. ML s/r, maximum-likelihood inference using silent/replacement ratios to weight paths between codons differing in multiple positions; equal, equal weights for paths between such codons; emp, data excluding codons differing in multiple positions. The total numbers of inferred changes in each class are also given for parsimony inference. The numbers in parentheses are the ratios of the counts under each inference method and the counts under ML s/r. d up,pu is also given for each method.
summed across eight lineages. Lineage-specific data for each gene are given in supplemental Table 4 at http:// www.genetics.org/supplemental/. Across the 22 genes, 3145.7 silent and 624.7 replacement changes were assigned to the eight lineages. Although 18 of the 22 genes show negative overall d up,pu across lineages, almost all genes show positive d up,pu in at least one or two of the lineages. However, several of the genes show large excesses of pu changes in all lineages. AP-50, Osbp, and pav show d up,pu , ÿ0.2 in each of the eight lineages examined (RpII215 also showed consistent declines in MCU, but d up,pu values were closer to zero in some lineages). These three genes were treated as outliers and are candidates for parameter changes prior to the radiation of the D. melanogaster subgroup. They were excluded from the analysis because their patterns of evolution would complicate the analysis of parameter changes since the radiation of the subgroup. Potential causes of such cladewide patterns are reductions in expression level (leading to a gene-specific reduction in N e s), regional changes in mutation patterns, and changes in rates of recombination or biased gene conversion. Examination of expression patterns, recombination rates, and patterns of base composition evolution in noncoding regions of these genes within the D. melanogaster subgroup and in close outgroups may reveal the cause(s) of these cladewide patterns. None of the 22 genes showed positive d up,pu across the eight lineages.
Tests of lineage-specific departures from equilibrium MCU: Table 5 Figure 2 shows gene-specific patterns of silent changes for the eight lineages. The decline of codon bias in D. melanogaster is striking; all 19 genes show at least twice as many pu changes as up changes (d up,pu # ÿ0.33). These strong declines of MCU confirm previous findings (Akashi 1995 (Akashi , 1996 McVean and Vieira 1999; Begun 2001; DuMont et al. 2004) . Declines of MCU are also consistent among genes in yak. Sixteen genes show negative d up,pu and a large fraction of these show large excesses. Three genes show small positive d up,pu but the trend of negative d up,pu is consistent across genes (WSR P ¼ 0.00028). D. orena shows a similar pattern of Numbers of inferred silent (preferred and unpreferred) and replacement changes are summed across lineages. The data are from maximum-likelihood inference. Sil, silent changes; Rep, replacement changes; Lin dir, the numbers of lineages that show positive/negative d up,pu ; Rep/sil, the ratio of the counts for replacement and silent changes for a given gene. consistent decline of MCU; although one gene, ry, shows a strong trend in the opposite direction, the overall excess of pu changes is consistent across genes (P ¼ 0.0045). Evidence for overall declines of codon bias is weaker in sim (P ¼ 0.039) and ereore (P ¼ 0.045), where d up,pu values are generally negative but several genes show strong trends in the opposite direction. Only one lineage, tei, shows a consistent increase in preferred codon usage (P ¼ 0.00032). Most genes also show large positive d up,pu in teiyak, but several have relatively strong trends in the opposite direction and statistical support for an overall excess of up is weak (P ¼ 0.023). The small numbers of silent changes on a given lineage for most loci preclude detection of gene-specific departures from equilibrium. However, ry, which contributes the largest number of codons among the 19 genes, shows trends in a direction opposing the rest of the genes in the three lineages in the D. erecta-D. orena clade (ere, ore, and ereore). Lineage-specific codon bias changes are consistent among synonymous families (supplemental Table 5 at http:// www.genetics.org/supplemental/). However, patterns in the three lineages in the ereore clade are strongly dependent on data from ry.
Base composition evolution in high and low MCU regions: Base composition changes were compared among MCU H , MCU L , and intron regions to investigate the cause(s) of nonequilibrium codon bias evolution. Because all major codons in D. melanogaster are G-or C-ending, d WS,SW and d up,pu measures are similar for these data. Synonymous DNA changes were partitioned into those that occurred in MCU H and MCU L regions. Sliding windows of 100 codons and an MCU cutoff of 0.7 divided the data into 6024 codons from high-bias regions of 17 genes and 4027 codons from low-bias regions of 13 genes (11 genes contributed codons to both partitions). This division gives similar overall numbers of silent fixations (1472.8 and 1224.3, respectively) in MCU H and MCU L . The average MCU values (across species) are 0.745 and 0.564 for the partitions.
Summary data for silent changes in the MCU partitions are given in Table 6 . Among the four lineages that show consistent departures from equilibrium codon bias, tei, yak, and ore show stronger departures from equilibrium in high-bias than in low-bias regions (Figure 3 ). Although the trend is similar in mel, the magnitude of the difference in d WS,SW between MCU H and MCU L is small. ry, an apparent outlier in the ere, ore, and ereore lineages (Figure 2 ), contributes 1211 of 4027 codons to MCU L . Exclusion of ry data in these lineages has little effect on the d WS,SW of MCU H regions (ry contributes 107 of the 6024 codons), but d WS,SW values for MCU L regions change from ÿ0.01 to 0.20 in ere, from ÿ0.30 to ÿ0.20 in ore, and from 0.1 to ÿ0.12 in ereore. In ere, exclusion of ry leads to similar d WS,SW for high-and lowbias regions (0.24 and 0.20, respectively). The nonpartitioned data gave weak support for a consistent decline of codon bias in the ereore lineage; the partitioned analysis suggests a larger GC decline in high-bias than in low-bias regions, but the consistency of the decline in high-bias genes remains only weakly supported (WSR P ¼ 0.011).
Intron base composition evolution: Summary data for base composition evolution among 60 introns in the D. melanogaster subgroup are given in Table 6 (data for individual introns are given in supplemental Table 7 at http://www.genetics.org/supplemental/). The sim lineage shows a close fit to equilibrium base composition evolution in these introns, consistent with the findings of Kern and Begun (2005) . The most notable departure from equilibrium intron GC content is a nearly twofold excess of WS changes (d WS,SW ¼ 0.28, WSR P ¼ 0.001) in ere. The ore lineage shows a consistent increase in intron GC (d WS,SW ¼ 0.24, P ¼ 0.0047) in contrast to negative d WS,SW at silent sites. A weaker signal for increased intron GC was observed in the tei lineage for the 42 introns of the 19 genes employed in the coding-region analysis (P ¼ 0.02). However, data from the larger set of 60 introns did not support a consistent departure from The numbers of inferred unpreferred and preferred silent changes (summed across 19 genes) are shown for each lineage. The data are from maximum-likelihood inference. d up,pu for the total pu and up counts are shown. G-test statistics for goodness-of-fit tests with expectations of equal numbers of up and pu changes are shown. Gene dir, the numbers of genes that show positive/negative d up,pu ; WSR P, Wilcoxon signed-rank test probabilities. *P , 0.05, **P , 0.005, ***P , 0.0005. equilibrium (P ¼ 0.3). More data will be required to confirm possible increases and decreases in intron GC content in the teiyak and yak lineages, respectively.
AP-50, Osbp, and pav have undergone large declines of GC content at silent sites in all eight melanogaster subgroup lineages, but the introns of these genes show only weak indications of base composition changes (35.2 WS and 43.4 SW changes for data pooled across six introns). Biases toward AT are significantly larger in coding regions (98.35 WS and 297.4 SW changes) than in the introns of these genes, suggesting a reduction in selection intensity at silent sites at these loci prior to the radiation of the melanogaster subgroup.
Intron vs. coding-region base composition changes: We compared d WS,SW in MCU H , MCU L , and intron regions to test the cause(s) of changes in codon usage within the D. melanogaster subgroup. In the tei lineage, MCU H regions show a strong increase in GC, MCU L regions show a smaller increase, and introns show little evidence for a change in base composition (in the set of 60 introns). These trends are consistent with an increase in selection intensity at silent sites in this lineage; SW:WS ratios are heterogeneous among the three classes (2 3 3 test of independence, G ¼ 18.8, P , 0.001). In contrast, yak, the sibling lineage to tei, shows overall d WS,SW patterns consistent with a decline in selection intensity at silent sites; high bias regions have declined in GC to a greater extent than low bias regions and introns (G ¼ 11.0, P ¼ 0.004). The ancestral ereore lineage shows similar patterns of d WS,SW (G ¼ 17.2, P ¼ 0.0002) and the heterogeneity remains after removal of ry data. The ore lineage also shows a strong decline of MCU in high-bias regions and a smaller decline in low-bias regions, but introns show a significant increase in GC; the statistical evidence for heterogeneity among these classes is strong (G ¼ 32.5, P , 10 ÿ5 ) and removal of ry data has little effect on the pattern. The mel lineage shows the strongest decline of GC content at silent sites of the Table 2. eight lineages examined. Introns in this lineage do not show a strong departure from equilibrium GC content and d WS,SW is heterogeneous among the three classes (G ¼ 32.5, P , 10 ÿ5 ), suggesting a decrease in selection intensity. However, similar d WS,SW in high-and low-bias regions are not consistent with a uniform decrease in N e s across genes. Finally, there is little evidence in these data for heterogeneity in d WS,SW among high-bias, low-bias, and intron regions in the sim, teiyak, and ere lineages. Interestingly, ere shows similar positive d WS,SW values in MCU H , MCU L (excluding ry), intron, and replacement sites, suggesting that all regions may be affected by a change in mutational bias or biased gene conversion (however, only the change in introns is statistically significant). The results given above were not strongly dependent on MCU cutoffs or window sizes; finding were similar in analyses of 80 codon windows and a cutoff of MCU ¼ 0.75.
Intron size evolution: Several cases of size-class variation within the D. melanogaster subgroup were observed among the 60 introns examined (see supplemental Table 9 at http://www.genetics.org/supplemental/).
Silent, intron, and protein divergence in the D. melanogaster subgroup: The total counts of silent, intron, and replacement nucleotide changes (summed across classes) in the eight lineages examined within the D. melanogaster subgroup are given in Table 6 . The proportions of changes assigned to each lineage are shown in Figure 4A . The histograms allow comparisons of relative distances among these lineages but are not scaled to the numbers of ''sites'' and are not corrected for multiple hits.
Intron distances were compared between first introns [which contain an excess of regulatory elements in both Drosophila and mammals (Marais et al. 2005 and references therein)] and non-first introns. Distances (summed over lineages) were 40% greater (498.5 The total counts of SW and WS changes are shown for high (MCU H ) and low (MCU L ) codon bias regions (the definitions of the regions are given in the text). Total counts are also given for SW and WS replacement (Rep) and intron (Int) changes. The counts are summed across 19 genes and 60 introns for each lineage. d WS,SW values and G-test statistics for 2 3 2 tests of goodness of fit to expectations of equal numbers of SW and WS changes are shown. The numbers of genes (or introns) that show positive/negative d WS,SW are given and probabilities of Wilcoxon signed-rank tests (WSR P) are shown. *P , 0.05, **P , 0.005, ***P , 0.0005. changes at 1961 sites) in the 45 non-first introns than in the 15 first introns (902.8 changes at 2413 sites) (G ¼ 37.7, P , 10 ÿ5 ), consistent with greater constraint in first introns. However, relative distances among lineages in the D. melanogaster subgroup were not affected by inclusion of first introns and data for all 60 introns were employed in the analyses below.
Comparisons among distances for MCU H , MCU L , and intron changes demonstrate the difficulty of estimating ''neutral divergence'' among these species; the distances are clearly heterogeneous among classes (3 3 8 G-test, G ¼ 65.2, P , 10 ÿ5 ). The most notable differences are fast evolution of MCU H regions in ereore (largely caused by high divergence at per) and a large difference in the relative distances for silent sites and introns in mel (intron distances are similar in mel and sim, but silent distances are .50% higher in mel). MCP theory predicts accelerated silent evolution following parameter changes (Takano-Shimizu 1999; supplemental Faster silent evolution in mel (declining codon bias) than in sim (no rejection of equilibrium) is consistent with this prediction. However, overall silent distances appear to be similar between ere (no rejection of equilibrium) and ore (MCU reduction). This similarity appears to reflect large contributions from fast-evolving outlier genes (especially ry) in the ere lineage (Figure 2) . It is unclear which, if any, of these measures can be employed to correct for neutral distance (the product of per generation mutation rate and the number of generations on a lineage) given ambiguities in intron alignments and evidence for both selection and departures from equilibrium at silent sites. Figure 4A shows the relative numbers of inferred replacement changes for different lineages and Figure  4B plots relative distances for protein evolution scaled to silent distances in high-and low-bias regions as well as intron distance. Several features of protein evolution appear to be consistent among these scalings. The most notable patterns are relatively short protein distances in yak and greater protein divergence in the ere-ore clade (especially in ore). All scalings support a roughly threefold difference in protein divergence between yak and ore. This difference is consistent among genes; of 16 genes that show different protein distances in ore and yak, 14 show higher replacement counts in ore (WSR P ¼ 0.0004; unscaled comparisons are conservative because silent and intron distances are greater in yak). Differences among scalings affect comparisons of protein evolution between mel and sim; intron calibrations suggest faster protein evolution in mel than in sim, but scaling to silent sites shows similar rates (in either case, differences in rates of protein evolution are not consistent among genes). There is no evidence for associations between rates of protein evolution and departures from equilibrium codon bias. The fastest (ore) and slowest (yak) protein evolutions occur in lineages that show declines in MCU consistent with reductions in N e s at silent sites. Intermediate levels of protein divergence occurred in lineages showing close to equilibrium (sim) or increasing MCU (tei).
Considerable gene-specific rate heterogeneity in both silent and protein evolution in the D. melanogaster subgroup is shown in supplemental Table 10 at http:// www.genetics.org/supplemental/.
Classifications of amino acid changes: Replacement changes were classified according to their effect on nucleotide (GC) content (Table 6; supplemental Table  8 at http://www.genetics.org/supplemental/). For data summed across lineages, there are roughly equal numbers of WS and SW replacement changes. However, the ratios of the two classes are variable among lineages (2 3 8 G-test, G ¼ 24.5, P ¼ 0.0005); tei shows an almost threefold excess of WS replacement changes and mel shows a twofold excess in the opposite direction. The numbers of replacement changes in these two categories on individual lineages are quite small (from 28.6 in yak to 74.3 in ore), and only tei shows a consistent pattern among genes; nine genes deviate toward excess WS replacement changes and 1 deviates in the opposite direction (WSR P ¼ 0.004). Trends toward SW replacement changes in mel and WS changes in yak are stronger among ''fixed'' differences on these lineages (see below).
The ratios of conservative and nonconservative amino acid changes (using Grantham 1974 and Miyata et al. 1979 chemical distance matrices) were not heterogeneous among the eight lineages (data not shown).
Polymorphic and fixed changes: The analyses above employed assignments of changes to eight lineages within the D. melanogaster subgroup using a single allele from each species. Changes assigned to the ''lineages'' leading to the six extant nodes combine those that have been fixed within a species and those that segregate within populations. Under neutral evolution and a constant mutation rate, expected patterns and rates of evolution are identical throughout the gene tree, but natural selection can dramatically alter pre-and postmost recent common ancestor (MRCA) patterns of molecular evolution (Kimura 1983) . Because slightly deleterious unpreferred changes segregate at appreciable frequencies within populations but have reduced fixation probabilities (relative to neutral and advantageous changes) (Akashi 1995) , analysis of single alleles among closely related species can lead to false inference of reductions of codon bias (Bartolomé et al. 2005) .
Inferences of polymorphic (post-MRCA) and fixed (pre-MRCA) mutations were conducted for a subset of genes (8, 8, and 18, respectively) in the mel, sim, and yak lineages. Under major codon preference, the expected pu:up ratio is greater for polymorphic mutations than for fixed differences (Akashi 1995) and, at equilibrium, d up,pu should be zero among fixations. The mel lineage showed the largest negative d up,pu in the single-allele analysis and pu/up ratios are similar (80.7/13.7 and 61.4/9.4, respectively) on pre-and post-MRCA parts of the lineage (supplemental Table 11 at http://www. genetics.org/supplemental/). Such a pattern is consistent with a complete relaxation of selection at silent sites.
In the sim lineage, pu:up ratios differ considerably for polymorphic and fixed changes (89.0/34.9 and 21.5/ 19.4, respectively). There is a greater than twofold excess of pu over up silent polymorphisms, but approximately equal pu/up ratios among fixed differences. This is consistent with previous findings (Akashi 1995 (Akashi , 1999 and supports the maintenance of near-equilibrium codon bias under weak selection in sim. Examination of a larger number of genes will be required to determine if this is a general pattern in sim (small declines in MCU have been noted by Vieira 1999 and Begun 2001) . The strong dependence of sim lineage ancestral inference on evolutionary patterns on the ancestral melsim lineage (our unpublished data) will need to be taken into account, however.
In the yak lineage, the analysis incorporates a greater number of genes, but is limited by a sample size of only two alleles per gene. A larger sample of alleles may change the assignments of a considerable fraction of fixed mutations to the polymorphic class. At silent sites, pu:up ratios are higher for polymorphic than for fixed mutations (102.6/35.1 and 140.2/73.6, respectively), but the difference is not statistically significant and pu:up ratios remain high for fixed differences. Additional polymorphism data will be necessary to test for selection at silent sites in this lineage and to determine whether negative d up,pu will diminish on the pre-MRCA branch.
DISCUSSION
Evolutionary forces appear to have fluctuated repeatedly on the timescale of molecular evolution among closely related species in the D. melanogaster subgroup. Both the composition and evolutionary rates of DNA and proteins show departures from steady state. Some of these patterns are consistent with lineage-specific changes in selection intensity, but other patterns are not readily explained by simple models of genomewide, lineagespecific parameter changes.
Departures from equilibrium silent evolution: Population genetic analyses in D. simulans, pseudoobscura, subobscura, miranda, and americana support the maintenance of codon bias through interactions among weak selection, mutation pressure, and genetic drift. Differences in the ratios of preferred and unpreferred changes within and between species and in their site frequency spectra within populations (Akashi 1995 (Akashi , 1999 Akashi and Schaeffer 1997; Kliman 1999; Llopart and Aguadé 2000; Begun 2001; Maside et al. 2004; Bartolomé et al. 2005; Comeron and Guthrie 2005) are consistent with a balance among weak evolutionary forces. Such a balance is expected to be highly sensitive to parameter fluctuations (Akashi 1996; Takano-Shimizu 1999) .
Of the eight lineages examined from the D. melanogaster subgroup, three appear to have undergone declines of codon bias (D. melanogaster, yakuba, and orena) and one (D. teissieri) shows evidence for an increase in MCU. The directions of these departures from equilibrium are consistent across genes and synonymous families and the magnitudes are quite large. mel shows by far the strongest departure, an almost fivefold greater number of pu changes than up changes. yak and ore show roughly twofold excesses of pu changes and tei shows a greater than twofold excess of up changes. A decline in codon bias in the ancestral ereore lineage and an increase in the teiyak were weakly supported. The sim and ere lineages do not show consistent departures from equilibrium codon bias among the 19 genes examined.
Because the approach to equilibrium base composition can be quite slow (on the order of 1/u generations where u is the mutation rate), detection of departures from equilibrium in multiple short lineages does not necessarily indicate frequent parameter fluctuations. For example, for the three outlier genes, a single parameter change could be responsible for codon bias declines in all eight lineages. In our analysis, each of the three pairs of extant sibling lineages shows different patterns of codon usage evolution, suggesting at least three parameter changes among the six extant lineages. In addition, if we assume shared increases of codon bias in teiyak and tei and shared MCU reductions in ereore and ore, then an additional parameter change is required in at least one of the two ancestral lineages. Thus, a minimum of four parameter changes in the eight lineages appear to be required to explain the observations. Gillespie (1993) and Cutler (2000a,b) have noted the parameter sensitivity of models that invoke variability of forces in molecular evolution. For such models to account for heterogeneity among lineages, parameter fluctuations must occur on a similar timescale as molecular evolution (roughly 1/u generations). A curious tuning of parameter fluctuations appears to be required to explain molecular evolution among D. melanogaster and its close relatives. However, the patterns may be less surprising if parameter changes occur on multiple timescales; rapid fluctuations have little effect on patterns of divergence, but slower changes result in lineage-specific molecular evolution.
Nonequilibrium silent evolution has several implications for studies of molecular evolution. Rates of silent evolution in the approach to equilibrium are expected to differ both from neutral rates and from equilibrium rates under selection. Relationships between codon bias and silent divergence can be negative, positive, or flat depending on the status of silent sites with respect to steady state (Takano-Shimizu 1999; Piganeau et al. 2002; supplemental Figure 1 at http://www.genetics. org/supplemental/). Departures from equilibrium may have contributed to the lack of negative relationships between silent divergence and codon bias in Drosophila (Dunn et al. 2001 ; see also Bierne and Eyre-Walker 2003) . Attempts to detect selection at silent sites should first test for equilibrium codon bias evolution among the lineages under study. However, similar levels of codon bias between extant nodes may not indicate steady-state evolution in the lineages connecting them. In pairwise comparisons, D. simulans and D. yakuba genes show similar MCU, but our analyses indicate overall increases of codon bias in teiyak and decreases in yak (changes were not assigned in the two interior ancestral lineages).
Synonymous changes are often employed in molecular evolutionary studies as a form of internal calibration to infer mechanisms of protein or noncoding DNA evolution (reviewed in Li 1997) . Patterns of synonymous variation are assumed to reflect a combination of local mutation processes (Hughes and Nei 1988) and the recent evolutionary history of a given genetic region (Sawyer et al. 1987; McDonald and Kreitman 1991) .
However, evidence for weak selection and observations of strong and frequent departures from equilibrium suggest that greater consideration of the processes underlying silent DNA evolution will be critical for advancing our understanding of both protein and regulatory region evolution. Frequent departures from equilibrium on the short lineages examined here demonstrate that assumptions of parameter constancy within as well as among lineages should be treated with caution. Such changes can have a strong impact on patterns of polymorphism and divergence (Eyre-Walker 1997 Kern and Begun 2005) .
This study was designed to detect lineage-specific departures from stationary codon bias evolution and the limited sample of genes and the generally small genespecific numbers of changes on a given lineage place a strong limit on our ability to identify region-or genespecific evolution. Our sample is biased toward genes on the X and is deficient in genes from the third chromosome (because AP-50, pav, and Osbp are outliers, only 3 genes from the third chromosome are included among the 19 genes investigated). At least one gene in our study, ry, shows strong gene-specific patterns of codon bias evolution in several lineages. Singh et al. (2005) have shown elevated codon bias on Drosophila X chromosomes relative to autosomes and increases in GC content were noted by Takano-Shimizu (1999 for genes on the tip (telomeric region) of the X chromosome in the D. teissieri-D. yakuba and D. erecta-D. orena clades. These departures appear to be region specific; genes in the present analysis show a decline of preferred codon usage in lineages showing strong GC increases at the tip of the X chromosome. These patterns will be described in detail in a separate study. Limited data suggest that gene-and region-specific departures from stationarity may also be frequent.
Causes of nonequilibrium codon bias evolution: Under major codon preference, departures from equilibrium could reflect altered fixation probabilities caused by changes in selection intensity (N e s) or changes in the mutational input of preferred and unpreferred changes (u/v). If changes in MCU reflect uniform changes in selection intensity (i.e., all N e s values scaled by the same factor), then codon bias changes should be greater for codons under stronger selection than for codons under weaker selection or for neutrally evolving regions (Akashi 1996) . Uniform changes in u/v predict similar codon bias changes (d up,pu ) for strongly and weakly selected codons as well as neutral regions because fixation rates are linearly dependent on mutation rates. Predictions for changes in biased gene conversion (BGC) depend on the relative contributions of selection and BGC to codon bias and are less clear. However, changes in BGC would presumably affect intron base composition (Galtier et al. 2006) .
These predictions can be tested by comparing d up,pu among synonymous families or genes or gene regions that experience different intensities of selection. McVean and Vieira (2001) found evidence for heterogeneity in selection strength among synonymous families, but the numbers of within-family changes were too small in our data for comparisons among codon families undergoing similar mutation patterns. We compared silent changes in MCU H , MCU L , and putatively neutrally evolving introns to determine the cause(s) of nonequilibrium codon bias evolution. This approach assumes that variation in selection intensity causes both within-and among-gene variation in MCU. Correlations between MCU and expression levels (Duret and Mouchiroud 1999) are consistent with increases in the fitness effects of silent mutations as a function of translation rates and weak correlations between synonymous and intron GC contents support a relatively small contribution of variation in mutation biases to codon bias variation among Drosophila genes (Hey and Kliman 2002) . The latter finding also suggests that the role of biased gene conversion may be small. Begun (2001) found lower average frequencies of pu changes in highly biased genes, consistent with higher N e s. In addition, several lines of evidence support within-gene variation of selection intensity at silent sites (Akashi 1994; Kliman and EyreWalker 1998; Aguadé 1999, 2000; Iida and Akashi 2000; Comeron and Kreitman 2002; Qin et al. 2004; Comeron and Guthrie 2005) .
Differences in base composition evolution among MCU H , MCU L , and introns are consistent with departures from equilibrium codon bias caused by changes in selection intensity in tei, yak, ore, and ereore. The cause(s) of the dramatic decline of codon bias in mel is less clear; high-and low-bias regions show similar departures from equilibrium. Although intron base composition appears to be consistent with equilibrium GC in the single-allele analysis, Kern and Begun (2005) found striking differences in pre-and post-MRCA intron base composition evolution in mel. More data (especially for low-bias regions) and contrasts between polymorphic and fixed changes will be necessary to confirm patterns of codon bias change among MCU partitions and introns. In addition, the notion that MCU variation within genes reflects variation in fitness benefits to major codons requires further investigation. Other selection pressures (such as selection on mRNA secondary structure) in low-bias regions could complicate the interpretation of tests of the translational selection model.
Departures from equilibrium intron base composition were detected in the ere and ore lineages. We interpret such changes as indications of changes in mutation processes or biased gene conversion, but closer examination of the locations of the changes and their effects on mRNA structure, splicing enhancers, and regulatory elements is necessary (Bergman and Kreitman 2001; Halligan et al. 2004; Haddrill et al. 2005) . In addition, intron regions with ambiguous alignments were excluded from the analysis. This filtering may increase the proportion of constrained sites in the data.
Protein evolution in the D. melanogaster subgroup: Both rates of protein evolution and types of amino acid changes are variable among lineages in the D. melanogaster subgroup. The mel lineage shows an increase in SW changes and tei and yak show excesses of WS replacement changes. These changes in GC content could reflect selection for nucleotide or amino acid composition. For example, in the tei lineage, an excess of HNN / GNN over GNN / HNN (WSR test, P ¼ 0.008) accounts for more than half of the excess of WS replacement changes. This pattern is notable because GNN codons are used preferentially in highly expressed genes in a number of prokaryotic (Gutiérrez et al. 1996; Akashi and Gojobori 2002) and eukaryotic (Akashi 2003) genomes and may confer fitness advantages related to efficient protein synthesis.
Rates of protein evolution are heterogeneous among lineages in the D. melanogaster subgroup but no clear associations were observed with changes in codon bias. Interestingly, among the species with current distributions within Africa, rates of protein evolution appear to be inversely related with the extent of their current biogeographic ranges (according to Lachaise et al. 1988; Cobb et al. 2000) . D. orena shows the most restricted distribution [it is known only from a single collection (of 11 individuals) from the West Cameroon mountains] and the fastest rate of protein evolution. D. erecta, which is confined to equatorial western Africa and is thought to be a rare species, shows the next fastest rate of protein evolution. D. teissieri and D. yakuba are widely distributed across the Afrotropical region and show slower rates of protein evolution than D. erecta and D. orena. Historical distributions of D. melanogaster and D. simulans are less clear. Partitioning of changes on preand post-MRCA lineages will test whether rate differences are consistent with the accumulation of slightly deleterious amino acid substitutions. These patterns raise the possibility that protein divergence, but not codon bias evolution, is associated with long-term population sizes. Among prokaryotes, major codon preference appears to be an adaptation for fast growth (Dong et al. 1996; Rocha 2004) . Differences in the ecology of Drosophila species may contribute to species-specific fitness benefits to major codon usage.
Genome sequences for D. melanogaster, D. simulans, D. yakuba, and D. erecta will allow large-scale analysis of a limited number of lineages within this subgroup. With such data, changes can be assigned to the mel and sim lineages and to two combined lineages, ereore 1 ere and teiyak 1 yak. Pooling data for parent and child lineages that differ in codon bias evolution may mask lineagespecific patterns. For the data examined here, overall patterns of silent changes in the combined ereore 1 ere and teiyak 1 yak lineages are consistent with equilibrium codon bias evolution. Including sequences from D. teissieri and D. orena doubles the number of lineages on which changes can be assigned (from four to eight) and reveals differences between yak and ere and their parental lineages. The two additional terminal lineages show compelling departures from steady state (an increase in codon bias in tei and accelerated protein evolution in ore).
Our conclusions here are limited by the analysis of single alleles for most genes and lineages. Polymorphism and divergence data from multiple lineages will allow discrimination between departures from equilibrium (among substitutions) and effects of pooling preand post-MRCA nonneutral changes. Such data will also help to distinguish between selection-and mutationdriven changes in base composition. The combination of comparisons of evolutionary patterns for classes of changes among closely related lineages and between fixed and polymorphic mutations may shed light on both the relative contributions of evolutionary forces and the nature and frequency of parameter fluctuations in molecular divergence.
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